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The Higgs sector: unchartered territory

• Relatively little known about mechanism of EWSB

• Theoretical arguments (``hierarchy problem”) suggest new physics at the TeV scale

Here focus on SUSY extensions of the SM:

MSSM: economic field content, gauge coupling unification

But: expectation of light Higgs in some tension with direct LEP limit

perhaps minimality assumption not warranted, and extra SM singlets,
Higgs triplets (with small vev’s), W’s, Z’s... present at the TeV scale

Key point underlying this work: new d.o.f. slightly above the weak scale can significantly
change the spectrum and properties of the MSSM Higgs sector

EFT analysis (with heavy physics integrated out) allows a model-independent study
of SUSY 2HDM Higgs signatures...  

Planck 2010, June 1st, 2010

See also: Brignole, Casas, Espinosa, Navarro, ‘03
Dine, Seiberg, Thomas, ’07
Antoniadis et. al. ’07 ...
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The 1/M Expansion

M ! 1 TeV• Heavy physics characterized by a scale

Assumptions:

mS ∼ few hundred GeV• SUSY breaking in MSSM and heavy sectors of same order, and 

• Main modification in Higgs sector (matter sector more constrained)

An important technical point:

(superpotential) terms contribute to a subset of possible Higgs quartic potential operators

Superspace language, classify higher-dimension operators at super- and Kähler potential level

SUSY breaking via spurion superfield

Predictions for a relatively ``generic” SUSY extension, with SUSY broken at the EW scale

(Kähler) terms leading new physics contribution to remaining Higgs quartic op’s

•

•

First two orders in 1/M expansion can give comparable effects...

... but there is no breakdown of the EFT expansion!

(Dine, Seiberg and Thomas, 2007)

(Carena, Kong, EP & Zurita, 2009)
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``The SUSY 2HDM”

4

Carena, Kong, EP & Zurita, 2009

Superpotential:
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UV completions: singlets, triplets, Z’s, W’s can generate all of these with arbitrary coefficients
c6 c7(exception: and , but main points do not depend strongly on these)

But note: different UV theories generate subsets of op’s, sometimes with definite signs

handle to infer UV details from Higgs properties

[−1,1]Here, treat coefficients as independent, and scan over 
survey collider 
phenomenology
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λ1, λ2, λ3, λ4 ∝ g2

O(1/M) λ5, λ6, λ7 != 0At : O(1/M2) λi
′sAt : all get corrections 

But at tree-level in MSSM: (small)

Quartic couplings in scalar potential:

Note: λ6,λ7Non-renormalizable operators essential to stabilize instabilities!

|H|2 ≡ H†
uHu +H†

dHd(here )

Minima that do not exist in absence of new physics (yet within realm of EFT!) (Batra & EP, 2008)

Planck 2010, June 1st, 2010

The Higgs Potential
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λ1, λ2, λ3, λ4 ∝ g2

O(1/M) λ5, λ6, λ7 != 0At : O(1/M2) λi
′sAt : all get corrections 

But at tree-level in MSSM: (small)

Quartic couplings in scalar potential:

Note: λ6,λ7Non-renormalizable operators essential to stabilize instabilities!

|H|2 ≡ H†
uHu +H†

dHd(here )

Dim-6 operator

Minima that do not exist in absence of new physics (yet within realm of EFT!) (Batra & EP, 2008)

Planck 2010, June 1st, 2010

The Higgs Potential
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Minima from Infinity

6

Scaling M → ρM with ρ ∈ [1, 10]

{

MSSM-like Minimum → const.

sEWSB Minimum ∝ √ρ
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Minima from Infinity

8

Scaling M → ρM with ρ ∈ [1, 10]

{

MSSM-like Minimum → const.

sEWSB Minimum ∝ √ρ
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Constraints

• EW precision constraints: heavy physics, modified MSSM Higgs spectrum + sparticles

Mild cancellations in e.g. Peskin-Takeuchi T parameter allowed

• Robustness: study points expected to be insensitive to higher orders in 1/M expansion

(danger of accidental cancellations in lowest orders, rather than breakdown of EFT!)

• Several minima: ensure global, no charge/color breaking, and no CP (for simplicity), in EFT.

• Current direct collider bounds from LEP and Tevatron

b → sγ• We do not consider indirect, flavor-dependent bounds, e.g. from
(depend on details of SUSY sector, model-dependent)

H±HiggsBounds +
+decay-mode-independent

(Bechtle, Brein, Heinemeyer, 
Weiglein & Williams, 2008)



Selected Results...
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tan Β % 20, M % 1 TeV, Μ % ms % 200 GeV, MSUSY % 300 GeV, At % Ab % 0
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! LEP excluded
! Tevatron !2009" excluded
" Tevatron !10 fb$1, eff % 1.5" excluded
#Allowed

MSSM
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mh #GeV$

m
H
#GeV

$

tan Β % 2, M % 1 TeV, Μ % ms % 200 GeV, MSUSY % 300 GeV, At % Ab % 0

Eduardo Pontón

CP-even Higgses and Current Bounds

11

Large tanβtanβ ∼ O(1)

(with 10 fb−1 and 50% efficiency improvement)
Excluded by LEP

Excluded by TevatronAllowed

Tevatron projection

See also Draper, Liu & Wagner (0905.4721)

Carena, EP & Zurita, 2010

Planck 2010, June 1st, 2010
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! LEP excluded
! Tevatron !2010" excluded
" Tevatron !10 fb$1, eff % 1.5" excluded#Allowed

MSSM

1 10
10$5

10$4

10$3

10$2

10$1

1

Σ!gg ' h"#SM
B
R
!h'W

!
W
$
"

tan Β % 20, M % 1 TeV, Μ % ms % 200 GeV, MSUSY % 300 GeV, At % Ab % 0

Eduardo Pontón

Suppressed couplings of h to bb

12

Large tanβ

BR(h → W+W−)bb̄• Region associated with suppressed enhanced

tanβ• Also at low associated with enhanced gluon fusion cross-section!bb̄, suppressed

Planck 2010, June 1st, 2010

Sensitivity at Tevatron to the light CP-even Higgs

Large tanβ



Eduardo Pontón

Enhancements elsewhere

13

Suppression of bb leads to enhancement of other channels across the board

• Decays into gg and quarks large BR into jets

• But also enhancement into gauge bosons or taus
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! LEP excluded
! Tevatron !2009" excluded
" Tevatron !10 fb$1, eff % 1.5" excluded#Allowed

MSSM

SM

50 100 150 200 250
10$4

10$3

10$2

10$1

1

mh #GeV$

B
R
!h&Γ

Γ"

tan Β % 20, M % 1 TeV, Μ % ms % 200 GeV, MSUSY % 300 GeV, At % Ab % 0
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! LEP excluded
! Tevatron !2009" excluded
" Tevatron !10 fb$1, eff % 1.5" excluded#Allowed

MSSM

50 100 150 200 250
10$2

10$1

1

10

102

mh #GeV$

Σ
!gg'

h
""BR

!h'Γ
Γ"%SM

tan Β % 20, M % 1 TeV, Μ % ms % 200 GeV, MSUSY % 300 GeV, At % Ab % 0

Large tanβ

Large tanβ

tanβAt low similar to SM rate

γγ• As well as rare decays like ...

Planck 2010, June 1st, 2010



tanβ = 2
mh mH mA mH±

172 197 110 167

h → bb̄ h → WW

0.05 0.91

H → WW H → ZZ

0.73 0.25

H± → τντ H± → W±A

0.43 0.20

A → bb̄ A → τ τ̄

0.9 0.1g2hZZ/SM = 0.2

g2HZZ/SM = 0.8

σ(gg → H)× BR(H → ZZ)/SM ≈ 0.5

Eduardo Pontón 14

An ``unusual” SUSY spectrum:
(in GeV)

Main decay modes:

An example

10 fb−1h can be excluded at Tevatron (with and 50% efficiency improvement):

Heavy CP-even Higgs observable at LHC in 4-lepton ``gold-plated” mode:

Note: here H is ``SM-like”

(BRs)

Planck 2010, June 1st, 2010

H+May observe both and A in top decays
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Summary

Planck 2010, June 1st, 2010

tanβ

Collider phenomenology can be understood from:

• Both CP-even Higgses ``heavy” with significant decays into gauge bosons

Potential to map in detail the physics of EWSB!

bb̄• Interesting suppression in couplings enhancement in easier channels

- WW at the Tevatron potentially very interesting

γγ- Potentially spectacular enhancements in 

h/H → AA H+ → AW+ H+• Decay chains such as and (e.g. with from top decays)

- Multiple Higgs signals (no need for large to test full 2HDM)

Altered Higgs spectrum: heavier, ``unusual” mass splittings

Suppression/enhancement in relevant channels



Eduardo Pontón

Conclusions

16Planck 2010, June 1st, 2010

- ``Light” superpartners (e.g. strongly interacting scalars)

Observation of

It’s SUSY!

- At least a SM-like Higgs heavier than 135 GeV ...

- Unusual SUSY Higgs sector, e.g.

- More than one scalar with non-negligible couplings to Z’s and W’s,
  and significant decays in these channels

Clear signal for BMSSM.

... or unexpected properties such as large enhancement in diphoton channel

This broad information can be useful to infer nature of physics ``around the corner”:

• E.g. heavy singlets may be hard to see directly

• But if new physics is accessible, a rather interesting cross check would be possible
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Μ " ms " 200 GeV

M " 1 TeV

tan Β " 2!pars! " 1

max mh to O!1"M2#

max mh to O!1"M#

MSSM

0 100 200 300 400

0

50

100

150

200

250

300

mA $GeV%

m
h
$GeV

%

Eduardo Pontón 18

Beyond leading order (spectrum)

mhMaximize

(But higher orders should have smaller effects)

assuming dimen-
sionless parameters below 1

Tree-level

Planck 2010, June 1st, 2010



At small tanβ :

(Smaller fraction at large tanβ)

Eduardo Pontón 19

Μ " ms " 200 GeV

M " 1 TeV

tan Β " 2

max mh for !pars! ! 1

MSSM

0 100 200 300 400
0

50

100

150

200

250

300

mA "GeV#

m
h
"GeV

#

sEWSB vacua

MSSM-like vacua

Large fraction of sEWSB vacua

|ω1|, |c4|, |c6|, |c7| ∈ [0, 1] |α1|, |βi|, |γi|, |δi| ∈ [1/3, 1] for i = 4, 6, 7Scan: and

LEP bounds not imposed

Beyond leading order (spectrum)

mhMaximize

(But higher orders should have smaller effects)

assuming dimen-
sionless parameters below 1

Tree-level

(assume all real)

Planck 2010, June 1st, 2010



αTTree = − v2

2M2
sin4 β

[
c2 − 2(tanβ)−2c3 + (tanβ)−4c1

]

}

(S is small)

Eduardo Pontón 20

1. Tree-level effects due to new physics:

2. Effects from MSSM Higgs sector:

• Heavier SM-like Higgs

• Mass splittings among non-standard Higgses
Loop-level contr. to S and T

3. Custodially violating mass splittings in SUSY sector

−0.4 < TTree + THiggs < 0.3Here: require that 

−0.2 < TTotal < 0.3 (95% C.L.) 0 < T SUSY < 0.2Consistent with for

EW Precision Constraints

(see e.g. Medina, Shah & Wagner, 2009)

University of Michigan, Apr. 2, 2010



W = µHuHd +
1
2
MSS2 + λSSHuHd −X

(
a1µHuHd +

1
2
a2MSS2 + a3λSSHuHd

)

K = H†
ueV Hu + H†

deV Hd + S†S −X†X
(
b1H

†
dHd + b2H

†
uHu + b3S

†S
)

Eduardo Pontón

UV Completions: Singlets

21

Example 1: singlets

Bµ-term

Soft masses: m2
Hd

, m2
Hu

, m2
S

M = MS , ω1 = −λ2
S , α1 = a2 − 2a3 ,

c4 = |λS |2 , γ4 = a2 − a3 , β4 = |a2 − a3|2 − b3

Note c4 > 0, other arbitrary

Integrating out the singlet:

University of Michigan, Apr. 2, 2010



W ⊃ MT T T̄ +
1
2
λT HuTHu +

1
2
λT̄ HdT̄Hd

+ X

(
a2MT T T̄ +

1
2
a3λT HuTHu +

1
2
a4λT̄ HdT̄Hd

)

K ⊃ T †e2V T + T̄ †e2V T̄ + XX† (
b3T

†T + b4T̄
†T̄

)

Eduardo Pontón 22

Y = ±1Example 2: triplets with

M = MT , ω1 =
1

4
λTλT̄ , α1 = a2 − a3 − a4 ,

c1 =
1

4
|λT̄ |2 , γ1 = a2 − a4 , β1 = |a2 − a4|2 − b3 ,

c2 =
1

4
|λT |2 , γ2 = a2 − a3 , β2 = |a2 − a3|2 − b4 ,

Note c1, c2 > 0, other arbitrary




 (∆T < 0)

Integrating out the triplets:

Induce custodially violating ops.

UV Completions: Triplets

University of Michigan, Apr. 2, 2010



W ⊃ MT T T̄ +
1
2
λT HuTHu +

1
2
λT̄ HdT̄Hd

+ X

(
a2MT T T̄ +

1
2
a3λT HuTHu +

1
2
a4λT̄ HdT̄Hd

)

K ⊃ T †e2V T + T̄ †e2V T̄ + XX† (
b3T

†T + b4T̄
†T̄

)

Eduardo Pontón 23

Y = ±1Example 2: triplets with

UV Completions: Triplets

University of Michigan, Apr. 2, 2010



W ⊃ MT T T̄ +
1
2
λT HuTHu +

1
2
λT̄ HdT̄Hd

+ X

(
a2MT T T̄ +

1
2
a3λT HuTHu +

1
2
a4λT̄ HdT̄Hd

)

K ⊃ T †e2V T + T̄ †e2V T̄ + XX† (
b3T

†T + b4T̄
†T̄

)

Eduardo Pontón 23

Y = ±1Example 2: triplets with

Note c3 > 0 (∆T > 0),






Induce custodially violating ops.M = MT , ω1 = −1
4
λ2

T , α1 = a2 − 2a3 ,

c3 =
1
2

|λT |2 , γ3 = a2 − a3 , β3 = |a2 − a3|2 − b3 ,

c4 = −1
4

|λT |2 , γ4 = a2 − a3 , β4 = |a2 − a3|2 − b3 ,

λT HuTHd→Y = 0For triplets with

and c! < 0!

UV Completions: Triplets

University of Michigan, Apr. 2, 2010



SU(2)1 × SU(2)2
Σ−→ SU(2)D

Σ(2, 2)
Hu,d(2, 0)

K = H†
u eg1V1Hu + H†

d eg1V1Hd +
2M2

V ′

(g2
1 + g2

2)
Tr

[
eg2V2eg1V1

]

Keff ⊃ −
g̃2

8M2
V ′

{(
H†

u egV Hu + H†
d egV Hd

)2
− 4 |HuεHd|2

}

c1 = −1
4
g̃2 , c2 = −1

4
g̃2 , c3 = −1

4
g̃2 , c4 =

1
2
g̃2 ,

Now c1, c2, c3 < 0!

Eduardo Pontón 24

Example 3: W primes

Integrating out the triplets: g̃ = g2
1/

√
g2
1 + g2

2 V ′ = W ′is the coupling of )(

c4 = 0For U(1)’ case: similar, but , and depends on Higgses U(1)’ charges

UV Completions: Gauge Extensions

University of Michigan, Apr. 2, 2010


